This study reports on the evaluation of the nanotopographies of DNA functionalized polymer surfaces, i.e., cyclo-olefine copolymer ͑COC͒ and polycarbonate ͑PC͒ using line, "Z max " and two dimensional fractal dimension methods, i.e., power spectrum density algorithm ͑PSDA͒ and perimeter-area relationship ͑PAR͒, applied to atomic force microscopy ͑AFM͒ scans. A decrease in the fractal dimension after the immobilization of oligonucleotides suggests the prevalence of a vertical assembly of oligonucleotides, more significantly on COC than on PC.
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The efficiency of DNA-based micro-and nanobiodevices, 1-4 including DNA micro-and nano-arrays, 1 and lab on the chip, 2-4 requires a high density of DNA/ oligonucleotide molecules immobilized on solid substrates, which still preserves the capacity for the biomolecular recognition of target molecules.
The flexibility of DNA molecules 5, 6 leads to the formation of complex aggregates on surfaces. While the selforganization of two-dimensional ͑2D͒ 7, 8 and threedimensional ͑3D͒
9 geometrical fractal motifs of DNA molecules on atomically ordered surfaces found use in primitive biocomputation devices, 10 "classical" DNA-based devices will require a high surface concentration of DNA molecules and easy manufacturable surfaces, which are generally amorphous. Moreover, the DNA molecules grafted on amorphous polymeric molecular chains become part of the polymeric molecular network. 11 The method of DNA immobilization, i.e., adsorption, electrostatic attraction or covalent binding, and the initial nanotopography of the surface further modulate the competition between organized and amorphous-inducing factors.
Atomic force microscopy ͑AFM͒, is widely used for the examination of surface nano-topographies, and the data interpretation uses line and root mean square ͑rms͒ analysis. 3, [11] [12] [13] [14] However, these methods have the following limitations. Almost similar rms values can be found for surfaces containing either few high-amplitude features or many low-lying features 15 and hence it might not correctly represent the anisotropy of the topography. Also a comprehensive line analysis is prohibitively lengthy. An alternative method for the topographical evaluation is the 2D fractal technique based on the Fourier transform ͑power spectrum͒. 15 Other fractal methods such as box count 16 and perimeter area 17 have been used to analyze 3D aggregates of biomolecules on surfaces.
The present contribution reports on the study of highly disordered fractal surfaces before and after oligonucleotide immobilization using the contact mode AFM. We selected cyclo-olefine copolymer ͑COC͒ and polycarbonate ͑PC͒ as model polymeric surfaces, because they have similar bulk, but very different surface physical chemistry.
11
The synthesis of N-hydroxysuccinimide ͑NHS͒ functionalized COC and PC surfaces, 11 the immobilization of FAM™-labeled oligonucleotide primer 5Ј GTG GAT CAC CTG AGG TCA GGA GTT TC 3Ј 11,17 on surfaces and experimental conditions of AFM analysis 17, 19 have been described before. The FAM™-labeled oligonucleotide primer is useful to confirm the immobilization of oligonucleotide using epi-fluorescence. 18 In this study, unless specifically indicated, the "COC surface" and "PC surface" denominate the NHS-functionalized polymer surfaces immediately prior to the oligonucleotide immobilization.
The perimeter-area relationship ͑PAR͒ plot 17, 19 estimates the fractal dimension ͑D f ͒ of the 3D area by comparing the logarithm of the perimeter ͑L͒ vs the logarithm of the respective area ͑A͒. PAR for a set of islands is given by
where ␣ is a constant and DЈ is the fractal dimension of the "lakes" coastline. This method was used for the 2D fractal analysis of gold deposits, 19 SiO-coated plates 20 and oligonucleotide aggregates on surfaces. 17 The power spectrum density algorithm ͑PSDA͒ [21] [22] [23] emerged from the observation that many engineering surfaces, e.g., carbon film surfaces, possess fractal geometry 24 and fractal dimensions that are in inverse power function of the spatial frequency, 25 given by Eq. ͑3͒.
where, ␥Ј is the parameter that determines the density of frequencies in the profile. The generalization of this algorithm 26 for higher dimensionally stochastic processes by the introduction of multiple variables leads to the following equation:
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where, , are planar polar coordinates of a surface point with height z, related to planar Cartesian coordinates ͑x , y͒. The power spectral density ͑denoted as p͒ of an isotropic 2D fractal Brownian function which is denoted as f varies as
where ␤ ജ 0, and ͑x , y͒ are the planar Cartesian coordinates, and p = ͑x 2 + y 2 ͒ 1/2 is the radial frequency. The height function z of a fractal surface, exhibiting randomness in all planar direction and making the surface three dimensional, is the real part of Ausloos-Berman function. D is the fractal dimension ͑2 Ͼ D Ͼ 3͒ and is variant of spatial frequencies. The parameters M, A m , m, and ␣ m are constant. The parameter k is a wave number related to the sample size, k =2 / L.
The exponent ␤ in Eq. ͑5͒ is related to the fractal dimension
Values of ␤ and D f are calculated from the slope of the linear part of a -z plot where the x axis is expressed in linear measurement units that represent the spatial frequency of the fast Fourier transform 2D image and the y axis shows the relative intensity of the image components in arbitrary units. The advantage of this method is that it can estimate the actual anisotropy of surfaces 20 such as the rock surface. The relationship between the fractal dimension and the assembly of nano-features on surfaces is more complicated for the 3D features than for 2D ones. In general, D f = 2 and D f = 3 are observed for perfectly flat surfaces, and entirely fractal surface, respectively. 20 A D f value between 2 and 3 suggests that self-similar or self-affine 3D aggregates. 19 In the PAR method, the intersection of a self-similar or self-affine surface with a section plane at a threshold height z 0 gives a picture that resembles typical cost lines of a geographical map. 19 Therefore areas with heights z Ͼ z 0 correspond to "islands," while areas with z Ͻ z 0 correspond to "sea" surfaces in the 2D landscape. In the present study, the nano-features and the polymer surface are treated as islands and sea, respectively. The z max is found to be in good agreement with the average height of nano-features. 17 A set of z max and z 0 values is optimized using the AFM Explorer software in order to precisely select islands in the sea and calculate the D f value on surfaces. Figure 1 is a typical example of the fractal analysis of oligonucleotides on the COC surface using the PAR method. In the Fig. 1͑a͒ , the green islands represent oligonucleotide aggregates, and the brown sea represents the COC surface which is differentiated using z max and z 0 values. Figure 1͑b͒ depicts a log-log perimeter-area plot for the estimation of D f using Eq. ͑2͒. directions. D f values are calculated from ␤ using Eq. ͑5͒.
The PSDA-calculated fractal dimensions show a decrease in fractal dimensions from 2.6 ͑for D fx ͒ and 2.8 ͑for D fy ͒, for both PC and COC surfaces, to 2.1 and 2.5 ͑for D fx ͒ and 2.3 and 2.2 ͑for D fy ͒, for oligonucleotide-PC and -COC surface, respectively. Two important conclusions can be drawn from these results. First, the disparity between the D fx and D fy values for both surfaces indicate nonspherical and highly disordered structures, which is a feature observed for other oligonucleotide aggregates, 12 albeit with far smaller dimensions. Secondly, both PC and COC surfaces have followed a similar trend, i.e., a gradual decrease of D f values before and after the immobilization of oligonucleotides. Also supporting the above conclusions, the PAR-calculated fractal dimensions decreased from 2.60 and 2.59 for PC and COC surfaces, respectively, to 2.58 and 2.48 for oligonucleotide-PC and -COC surfaces, respectively. This is related to a decrease in D f and almost no change in D f on COC and PC surfaces, respectively, after immobilization. 17 Fractal dimension studies clearly demonstrate the highly disordered fractal structures of oligonucleotides on surfaces, which can be also seen clearly in COC and PC topographies ͓Figs. 3͑a͒-3͑d͔͒ before and after the immobilization of oligonucleotides. Figures 3͑a͒-3͑d͒ show that the vertical height of nanofeatures, i.e., oligonucleotides, which may contain nanodefects, has increased significantly.
The vertical assembly of oligonucleotides is more apparent from z max values and line analysis results. While the z max value for the COC increased drastically from 49.20 to 298.4 nm, for COC and oligonucleotide-bounded COC surface, respectively, the z max increased only moderately, from 67.60 to 137.6 nm for similar situation on PC surface.
Line analysis shows that the X-Y or horizontal growth is almost constant in the scan range of 0.8-2 m before and after the immobilization of oligonucleotides on the COC surface ͓Fig. 4͑a͔͒. The height increased systematically from bare polymer surface to plasma processed surface to NHSfunctionalized surfaces and finally to oligonucleotide surfaces. 11 The X-Y or horizontal growth of oligonucleotides on the PC surface ͓Fig. 4͑b͔͒ is almost constant and is in the scan range of 1 -4 m. This X-Y range is slightly wider for PC than for COC, which may attributed to the lack of NHS functionalization due to cross-linking of the PC surface 11 and suggests a slightly inferior surface holding the oligonucleotides less effectively than the COC surface.
In conclusion, the vertical aggregation and highly disordered fractals of 26 bases of oligonucleotides on COC and PC surfaces was apparent from line analysis, z max and D f values. The fractal dimensions using 2D methods ͑PAR and PSDA͒ were useful to quantify the changes in the nanotopography and the directional assembly of the oligonucleotide on surfaces. 
